Background: The metabolic implications of intermuscular adipose tissue (IMAT) are poorly understood compared to those of visceral adipose tissue (VAT) even though the absolute quantities of both depots are similar in many individuals. Objective: The aim was to determine the independent relationship between whole-body IMAT and cardiovascular risk factor parameters. Design: Whole body magnetic resonance imaging (MRI) was used to quantify total skeletal muscle (SM), total adipose tissue (TAT) of which IMAT, defined as the AT visible by MRI within the boundary of the muscle fascia, is a sub-component. Fasting serum measures (n ¼ 262) of glucose, total cholesterol (T-Chol), high-density lipoprotein cholesterol (HDL-Chol), triglycerides (TG), protein bound glucose (PBG, n ¼ 206) and insulin (n ¼ 119) were acquired in healthy African-American (AA, n ¼ 78) and Caucasian (Ca, n ¼ 109) women (body mass index (BMI) 26.575.7 kg/m 2 ; 44.4716.4 years) and men (39 AA, 62 Ca; BMI 25.673.5 kg/m 2 ; 45.6717.4 years). General linear models identified the independent effects of IMAT after covarying for SM, VAT, TAT, race, sex and two-way interactions. Results: Significant independent associations were observed for IMAT with glucose (Po0.001), PBG (Po0.001) and T-Chol (Po0.05). The association of IMAT with cholesterol differed by race in such a manner that for a unit increase in IMAT, T-Chol increased more rapidly in Ca compared to AA (Po0.05). TG, HDL-Chol and insulin had no independent association with IMAT. Conclusion: The strong independent associations of IMAT with fasting glucose and PBG suggest that IMAT may be related to glucose metabolism; however, IMAT is also associated with T-Chol in Ca.
Introduction
Adipose tissue (AT) has emerged as an important endocrine organ. Considerable evidence implicates altered fat topography and defects in adipocyte metabolism in the pathogenesis of adult disease including type 2 diabetes. [1] [2] [3] AT and its distribution are risk factors for metabolic abnormalities. [4] [5] [6] It is well established that excess visceral adipose tissue (VAT) mass is an important risk factor in the development of coronary artery disease 7, 8 and non-insulin-dependent diabetes mellitus. 9, 10 It is recognized that not all AT depots carry equivalent metabolic risk and lower-body AT has been shown to exert protective effects against cardiovascular disease. 11 -13 Emerging evidence suggests that subcutaneous adipose tissue (SAT) or the lack of it may play a role in insulin resistance, 14 and therefore SAT may not be the passive storage depot previously assumed. In HIV-positive obese women, 15 lower levels of leg SAT were found to be an independent determinant of insulin resistance. 16 We have previously described a new fat depot called intermuscular adipose tissue (IMAT) mass located between muscle bundles using whole body magnetic resonance imaging (MRI). 17, 18 IMAT should not be confused with intramyocellular lipid which is the lipid within muscle fibers and quantifiable only using magnetic resonance spectroscopy. With increasing adiposity, the African-Americans were found to have a significantly greater increment in the proportion of total adipose tissue (TAT) mass as IMAT compared to the Caucasians and the Asians, and VAT accumulation was greater than IMAT accumulation in the Asians and the Caucasians. 18 Subsequently, Albu et al. 19 found in premenopausal African-American women who had significantly higher insulin resistance and acute insulin response to glucose than did their Caucasian counterparts, that whole-body IMAT was an important independent correlate of insulin resistance. Others 20, 21 quantified IMAT in a single mid-thigh slice using computed tomography and found that insulin resistance was associated with increased subfascial AT in obese adults 20 and thinner older persons. 21 Goodpaster et al. 20 found that AT located beneath the fascia lata (i.e., IMAT) and therefore adjacent to skeletal muscle was significantly negatively correlated with insulin resistance, whereas AT located above the fascia (i.e., SAT) and removed from skeletal muscle was not. 20 A question of interest therefore is whether IMAT relates to other cardiovascular risk factors.
The primary aim of this study was to determine the relationship between whole-body IMAT and cardiovascular risk factor parameters namely, fasting glucose, proteinbound glucose, insulin, total cholesterol, and HDL cholesterol in healthy African-American and Caucasian adults.
Methods

Protocol and subjects
The study involved a retrospective analysis of archived data and was carried out by evaluating the relationship between IMAT and specific cardiovascular risk factors in healthy subjects. Subjects were established as healthy on the basis of a medical history and physical examination. Subjects with elevated fasting glucose (4126 mg/dl) were retained in this study. Subjects were African-American and Caucasian men and women (aged X18 years) who had participated in studies at St Luke's-Roosevelt Hospital's Body Composition Unit between 1996 and 2002. Two hundred and eighty-eight healthy subjects were selected from among those on whom whole-body MRI and CVD risk factor information was available. A separate glucose tolerance test was not performed. The total selected sample included AfricanAmerican (AA, n ¼ 78) and Caucasian (Ca, n ¼ 109) men and women (39 AA, 62 Ca). Race was self-reported by the subject and both parents and all four grandparents were required to be of the same racial group. All studies were approved by the Institutional Review Board, and all subjects gave written consent to participate.
Anthropometric measurements
Subjects reported in the morning in a fasted state to the Body Composition Laboratory. While each subject was wearing a hospital gown and foam slipper, body weight was measured to the nearest 0.1 kg and height to the nearest 0.1 cm with the use of appropriately calibrated scale (Weight Tronix, New York, NY, USA) and stadiometer (Holtain Stadiometer, Crosswell, Wales, UK).
Magnetic resonance imaging
Whole-body MRI was carried out as reported previously. 17, 18 Subjects were placed in a 1.5 T scanner ( Â 6 Horizon; General Electric, Milwaukee, WI, USA) with their arms extended above their heads. T1-weighted MRI images were acquired using a whole-body coil with a matrix of 256 Â 256, a field of view of 48 cm, and a spin echo sequence with repetition time/echo time (TR/TE) of 300/15 ms. The protocol involved the acquisition of 40 axial images of 10 mm thickness at 40 mm intervals across the whole body. SLICEOMATIC image analysis software (version 4.2; Tomovision, Montreal, QC, Canada) was used to analyze images on a personal computer workstation (Gateway, Madison, WI, USA). Totalbody skeletal muscle (SM) and TAT, including total SAT, VAT and IMAT were measured from whole-body multi-slice MRI images. IMAT in our laboratory (Image Reading Center, New York, NY, USA) is defined as the AT visible between muscle groups and beneath the muscle fascia. 17, 18 MRI volume estimates were converted into mass by using assumed density of 1.04 kg/l for SM and 0.92 kg/l for AT. 22 All scans were read by the same analyst. The technical errors for four repeated readings of the same four whole-body scans by the same observer of MRI-derived SM, SAT, VAT and IMAT volumes in our laboratory are 1.4, 1.7, 2.3 and 5.9%, respectively.
Biochemical assays
Blood samples were drawn in the morning after an overnight fast and were sent to a commercial laboratory (Corning Clinical Laboratories and Quest Diagnostics, Teterboro, NJ, USA) for analysis. Glucose, protein bound glucose (PBG), triglycerides (TG), total cholesterol (T-Chol) and HDL cholesterol (HDL-Chol) were measured by enzymatic method, and insulin by radioimmunoassay. PBG refers to glycated serum proteins (fructosamines) and reflects the degree of glycemia or glucose control for the preceding 2-3 weeks. PBG was used as a short-term index of glucose control before the currently used glycated hemoglobin. 23 The range for normal PBG from this commercial laboratory at the time of data collection was 0-1.19 mg/g.
Statistical analysis
Group data are presented as means7s.d. Comparisons between groups were made using t-test and analysis of variance (ANOVA). Pearson partial correlation coefficients were used to assess the linear relationships of IMAT with weight, height, body mass index (BMI), SM, SAT, VAT and TAT. General linear models (GLM) were used in analyses to
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identify independent effects of IMAT after covarying for SM, VAT, TAT, race, sex and two-way interactions, on cardiovascular risk factors (glucose, PBG, insulin, T-Chol, TG and HDL cholesterol). Model coefficients were tested for significance. Residuals from the GLM were checked for normality and natural log-transformed values were used when a significant deviation from normality was detected (e.g., triglycerides). In all analyses, a two-tailed level of 0.05 was used, except when adjustments for multiple comparisons were made. A P-value o0.05 was considered statistically significant. All analyses were performed with SAS 9.1 for Windows (SAS Institute Inc, Cary, NC, USA).
Results
Subject characteristics
The subject characteristics are presented in Table 1 . There were no differences between the Caucasian and the African-American men for age, weight, height and BMI. Among women, the Caucasians weighed less (Po0.05) and had a lower BMI (Po0.05) compared with the AfricanAmericans.
Cardiovascular risk factors
The mean values for age and TAT-adjusted cardiovascular risk factors by race and sex are presented in Table 2 . There were no differences in insulin and cholesterol levels by race or sex. In women, fasting glucose levels were lower in the AfricanAmericans than the Caucasians. In men, HDL-Chol levels were higher in the African-Americans than the Caucasians. In both men and women, PBG levels were higher (Po0.05) and TG (Po0.05) lower in the African-Americans than in the Caucasians.
Independent association of IMAT with cardiovascular risk factors
Using a general linear model, the relationship between IMAT and cardiovascular risk factors was assessed (Table 3 ) and the significance of covariates (skeletal muscle, VAT, TAT, sex, race, IMAT-by-race and IMAT-by-sex interactions) was tested. This allows us to evaluate the association of IMAT with these cardiovascular risk factors after taking into account the association of VAT and TAT with the same risk factors. Independent associations were observed for IMAT with glucose and PBG (Po0.001; Figure 1 ). No independent associations were found for IMAT with insulin, TG and HDL-Chol. An analysis involving the combined variable of glucose and insulin representing Homeostatic model assessment (HOMA) index was conducted and an association was found between HOMA index and VAT (Po0.001) but not with IMAT. T-Chol was independently associated with IMAT in the full sample (Po0.05) but the relationship differed by race. T-Chol levels were comparable between the two race groups for small amounts of IMAT but increased more rapidly with accumulation of IMAT in the Caucasians compared to the African-American (23.4 mg/dl per kg IMAT in Ca; 4.9 mg/dl per kg IMAT in AA; interaction of slopes Po0.05; Figure 2 ).
Discussion
It is recognized that not all AT depots carry equivalent metabolic risk. In the current study of healthy AfricanAmerican and Caucasian adults, we found an association between IMAT and levels of glucose and PBG, independent of other AT depots (VAT and TAT). We also found that at low levels of IMAT, the African Americans and the Caucasians have similar levels of T-Chol, and only at higher levels of IMAT, the Caucasians have higher T-Chol than the African Americans. Given that IMAT is in close proximity to skeletal muscle, the primary organ critical in glucose uptake and metabolism, we speculate that IMAT could be a factor along the pathway to metabolic impairment/disease, although the 
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mechanism at this time remains unknown. Although the association of VAT with cardiovascular risk factors is well documented and is replicated in this dataset, nevertheless, an even stronger association is found between the IMAT compartment and glucose, PBG and T-Chol, and the latter within the Caucasians only. Thus, a unique feature of these data is that these findings are generating hypotheses.
IMAT and glucose metabolism A higher prevalence of obesity, diabetes mellitus and a higher degree of insulin resistance exists among the AfricanAmericans compared to the Caucasians; however, reasons for these differences remains unclear. Although the mechanism of the effect of IMAT on glucose utilization or vice versa is unknown, it is possible that IMAT affects peripheral insulin dynamics by impairing muscle blood flow, 15 enhancing rates of lipolysis within skeletal muscle 24 and increasing concentrations of glucose and PBG. Given that skeletal muscle is the primary site for glucose uptake and metabolism, and even though IMAT is outside of the muscle fibers, the close proximity of IMAT to the muscle bundles could influence the muscle environment. We have previously shown that the African-Americans have the greatest increment in IMAT with increasing total adiposity compared to Asian and Caucasian adults. In the current study, we show a strong independent association of IMAT with fasting glucose and PBG. PBG is a marker of shortterm glucose control/homeostasis and has similar clinical indications to the currently more common measure of hemoglobin A1c. These combined findings point to higher rates of abnormal glucose metabolism with increasing adiposity in the African Americans. These results add to the recent findings of Albu et al., 19 where higher IMAT was found to be an independent predictor of lower insulin sensitivity. Goodpaster et al. 15 originally described the IMAT compartment from a single slice in the thigh, showing a negative association with insulin sensitivity in lean and Muscle fat and cardiovascular risk J-E Yim et al.
obese glucose-tolerant subjects and obese subjects with diabetes mellitus. Also, higher IMAT was associated with metabolic syndrome in normal-weight and over-weight, but not in obese men and in women. 14 The range in insulin values and HOMA index in the current study was narrow and primarily fell within the normal range. Accordingly, the lack of a wide spread in these values minimized the chances of finding a stronger relationship between insulin or HOMA index and IMAT.
IMAT and lipid metabolism
We found T-chol had an independent association with IMAT, and the association of IMAT to T-Chol differed by race. T-Chol was more strongly related to IMAT in the Caucasians than the African Americans. TG and HDL cholesterol had no independent associations with IMAT. In a study of women aged 18-69 years, low-density lean tissue of the thigh as measured using CT was found to be correlated with age (r ¼ 0.52), insulin (r ¼ 0.34), triglycerides (r ¼ 0.41), T-Chol (r ¼ 0.50) and LDL cholesterol (r ¼ 0.53). 25 Unfavorable changes in plasma lipids (triglycerides, T-Chol, and LDL cholesterol) are strongly associated with increases in VAT, [26] [27] [28] but there have been no previous reports on the relationship between plasma lipids and IMAT.
Regional fat distribution effects on lipids
With regard to VAT and lipid metabolism, it has been proposed that insulin resistance in the presence of VAT accumulation may be due to an overload of liver free fatty acids produced by the high lipolytic activity of VAT. 29 Alternatively, VAT may be a marker of increased free fatty acids released from SAT. 30 Overexposure of hepatic and extrahepatic tissues to free fatty acids leads to the promotion of aberrations in insulin action and dynamics, and may cause insulin resistance. 31, 32 Another possible mechanism responsible for insulin resistance related to increased VAT is the contribution of bioactive substances (adipocytokines).
2,33,34
Snijder et al. 35 found that abdominal SAT was related to unfavorable glucose and lipid levels that contributed to higher non-esterified fatty acid (NEFA) levels, whereas thigh SAT was independently related to more favorable glucose and lipid levels. The latter supported their hypothesis that thigh SAT acts as a metabolic sink for circulating NEFA. 35 It is possible that regional difference in the secretion of adipokines between abdominal SAT and thigh SAT and IMAT could contribute to the different associations of these fat depots with glucose and lipid levels.
Study limitations
All components of body composition including IMAT are potentially influenced by dietary intake, levels of physical activity and/or inactivity and exercise, for which no independent measures were acquired. Diet composition in particular has a direct influence on serum lipids, insulin and glucose levels; however, cardiovascular risk factor measures were all acquired after a 12-hour overnight fast. This study used a convenience sample of urban dwelling healthy adults and cannot be considered representative of the general adult population. The presence of unreported and undiagnosed medical conditions that could affect body composition cannot be ruled out. Race group was determined by selfreport which is reported to be a suitable proxy for genetic ancestry, especially when assessing disease risk 36 but does not take into account degrees of admixture. It is possible, given the significant differences in BMI among the ethnic subgroups in our sample, that the variables in our models do not adequately take into account the differences in BMI.
Study strengths
We had for this study a relatively large sample of AfricanAmerican and Caucasian adults, whose total body IMAT had been measured by MRI using a semi-automatic method with a reasonably low technical error. All scans were acquired in one Center under high levels of quality control by welltrained examiners skilled in performing a protocol for body composition measurements.
Conclusions
The strong independent associations of IMAT with fasting glucose and PBG suggest that IMAT may be related to glucose metabolism. IMAT also shows an association with T-Chol in the Caucasian, however, the mechanism responsible for this relationship is unknown.
